We have quantitatively monitored the sporulation and germination efficiencies of Ϸ4,200 yeast deletion strains in parallel by using a molecular bar coding strategy. In a single study, we doubled the number of genes functionally implicated in sporulation to Ϸ400, identifying both positive and negative regulators. Our set of 261 sporulation-deficient genes illustrates the importance of autophagy, carbon utilization, and transcriptional machinery during sporulation. These general cellular factors are more likely to exhibit fitness defects when deleted and less likely to be transcriptionally regulated than sporulation-specific genes. Our postgermination screening assay identified recombination͞chromosome segregation genes, aneuploid strains, and possible germination-specific factors. Finally, our results facilitate a genome-wide comparison of expression pattern and mutant phenotype for a developmental process and suggest that 16% of genes differentially expressed during sporulation confer altered efficiency of spore production or defective postgermination growth when disrupted.
We have quantitatively monitored the sporulation and germination efficiencies of Ϸ4,200 yeast deletion strains in parallel by using a molecular bar coding strategy. In a single study, we doubled the number of genes functionally implicated in sporulation to Ϸ400, identifying both positive and negative regulators. Our set of 261 sporulation-deficient genes illustrates the importance of autophagy, carbon utilization, and transcriptional machinery during sporulation. These general cellular factors are more likely to exhibit fitness defects when deleted and less likely to be transcriptionally regulated than sporulation-specific genes. Our postgermination screening assay identified recombination͞chromosome segregation genes, aneuploid strains, and possible germination-specific factors. Finally, our results facilitate a genome-wide comparison of expression pattern and mutant phenotype for a developmental process and suggest that 16% of genes differentially expressed during sporulation confer altered efficiency of spore production or defective postgermination growth when disrupted.
S
tudies of the Saccharomyces cerevisiae life cycle have provided insight into the action of signaling pathways and transcriptional induction in higher eukaryotes. One stage of the yeast life cycle involves the production of haploid gametes from a parental diploid in a process known as sporulation. Sporulation encompasses the two meiotic divisions, followed by ascospore development around the four haploid nuclei. To date, more than 100 genes have been functionally implicated in sporulation as determined by mutant phenotype (1) . These genes were identified largely through classical genetic screens (2) and more recently through the analysis of targeted gene deletions (3, 4) , the results of which demonstrate that the isolation of sporulation genes has not been saturated. In contrast to the positive regulators required for spore production, relatively few genes are known to inhibit the process. These genes, such as the cell-type specific repressor RME1 (5), play a key role in the cell fate decision of yeast and ensure that sporulation occurs in the correct cell type and under appropriate nutrient conditions. Despite their importance, a comprehensive identification of genes that function in the negative regulation of sporulation has not been reported.
A second aspect of the yeast life cycle is spore germination. Germination is the process by which a dormant spore, in the presence of the appropriate nutrient conditions, resumes mitotic division. However, the genes and pathways that function in germination remain unknown because of difficulty in recovering mutants specifically defective in the process. One key issue is the determination of the extent to which novel germination-specific factors distinguish this process from normal cell division.
The completion of the yeast genome sequence has led to the development of new technologies for whole-genome analysis. One such technology is the DNA microarray used to measure mRNA transcript levels of all genes under a particular condition. Genome-wide expression analysis of yeast sporulation suggests that up to one-quarter of the yeast genome is transcriptionally regulated (6, 7) . The analysis and conclusions drawn from these studies are largely based on the assumption of correlation between mRNA level and cellular function. However, the extent to which expressed genes are important to the process has not been extensively investigated on a genome-wide scale. Recently, precise deletions were constructed for all ORFs in the yeast genome (8) . A molecular bar-coding strategy enables pooling of deletion mutants and parallel phenotypic analysis (9) . This system has been successful in studies of UV sensitivity (10), nonhomologous DNA end-joining (11) , and mitochondrial function (12) .
In the present study we determined the sporulation efficiency of Ϸ4,200 deletion strains in parallel by using the molecular bar-coding approach. Our results are in excellent agreement with single gene studies and identify Ϸ200 additional genes that affect sporulation efficiency, both positively and negatively. A genomewide comparison of sporulation transcription profiles to mutant phenotype suggests that a small percentage of differentially expressed genes alter sporulation efficiency when disrupted. We also developed a comprehensive screen for strains defective in postgermination growth. Our results with 4,200 deletion strains identified known meiotic mutants, mutated parental strains, and possible germination mutants.
Materials and Methods
Strains and Growth Conditions. Homozygous diploid deletion strains in the BY4743 background (13) , isogenic to the sequenced strain S288c, were used in all pool experiments. Systematic strain and pool construction was described previously (8) . Fitness profiling of the homozygous diploid deletion pool and postgermination growth of spores were performed in standard rich media [yeast extract͞peptone͞dextrose (YPD)] at 30°C. In both experiments, four or five time points were taken over 20 generations of pool growth. The batch-transfer method (14) was used to ensure that the culture density never exceeded 2 ϫ 10 7 cells per ml. At least 4 ϫ 10 7 cells were diluted into fresh YPD at each time point to ensure that each deletion strain was adequately represented in the pool and to minimize sampling error. Aliquots of 4 ϫ 10 7 cells collected at each time point were processed for array hybridization.
Sporulation Conditions and Spore Isolation. Sporulation of the deletion pool was performed as described for single strains (8) . The efficiency of sporulation was Ϸ15%. Pure spore suspensions were isolated by using a protocol that takes advantage of the hydrophobicity and zymolyase-resistance of spores relative to unsporulated vegetative cells (15) . We collected Ͼ8 ϫ 10 7 spores from the deletion pool at Ͼ99% purity (microscopic examination). Half of the spore sample was used to determine the sporulation efficiency of each strain in the pool. The second half was grown in YPD to determine the postgermination growth rate of all strains in the pool.
Sample Processing and Array Hybridization. For samples collected at each time point, genomic DNA was extracted by using a glassbead lysis protocol (16) . This protocol was slightly altered for Abbreviation: YPD, yeast extract͞peptone͞dextrose. ¶ To whom correspondence should be addressed. E-mail: dbowe@sequence.stanford.edu.
genomic DNA preparation from spores, given their relative resistance to standard vortexing. To overcome this problem, we used a multiple tube shaker (VWR Scientific) set to the maximum level to lyse spores. PCR amplification of the tag modules and hybridization to an oligonucleotide array (TAG3, Affymetrix) containing their complements is described (8) .
Data Analysis. For each scanned array, we extracted the intensity values for each probe on the array. For a single experiment, we normalized to the average of the perfect match signals across all time points to avoid bias associated with differences in overall array intensity. We then determined which deletion strains in the pool were detectable in the given experiment. For a strain to be ''present,'' at least two of its corresponding perfect match probes had to have intensity values greater than two-fold over the array background intensity in a single time point. Any tag that did not fit the ''present'' criteria was not used in subsequent analysis. For determining the sporulation efficiency of each strain in the deletion pool, we measured the abundance of molecular tags in the pool on the array from both a presporulation culture and a pure spore sample. For each informative tag of a given strain, we calculated the ratio of presporulation probe intensity to the spore probe intensity. We then averaged the ratios across all tags for a single strain to obtain a single measure of its sporulation efficiency, the PreSpo͞Spore ratio. The correlation coefficient between two independent experiments was 0.80. To determine the fitness of the deletion strains in rich media, we hybridized the molecular tags from five separate time points. After normalization, the perfect match signals were log2 transformed. We then used a simple linear regression model to assess the change in abundance of each molecular tag over time (17) . We averaged the growth rates obtained from all meaningful tags for a given strain to generate a single value. The tag intensities for most strains do not change over time resulting in a relative growth rate of 1, equal to that of the pool in general. Conversely, strains diminishing over time correspond to a relative growth rate less than 1. We used the same analysis to calculate postgermination growth rates for all strains present in the spore suspension. We then classified strains as postgermination defective by identifying those with a homozygous diploid growth rate to postgermination growth rate ratio greater than 1.05 in two independent experiments.
Results

A Whole-Genome Screen to Identify Sporulation Mutants.
A pool of 4,745 homozygous diploid deletion mutants, covering more than 95% of all nonessential ORFs in the yeast genome, was constructed for parallel phenotypic analysis. Each deletion strain contains two unique 20-bp sequences, termed molecular tags, flanked by common PCR priming sites. The relative abundance of a single deletion strain can be quantitatively monitored in a large pool of strains by the hybridization of its molecular tags to an oligonucleotide array containing the tag complements (9) . We monitored the sporulation efficiency of each strain in the pool by comparing the hybridization intensities of its molecular tags before and after sporulation (Fig. 1) .
For each deletion strain, we calculated the ratio of presporulation signal to spore signal averaged across all informative tags. By using the PreSpo͞Spore ratio as a quantitative measure of sporulation efficiency, each strain was categorized into one of three phenotypic classes. Strains enriched in the presporulation sample compared with the spore sample exhibited a PreSpo͞ Spore ratio greater than 1, indicative of an inability to make spores. Conversely, strains that sporulate better than average correspond to PreSpo͞Spore ratios less than 1. Finally, deletion strains corresponding to genes whose disruption has no effect on the strain's capacity to make spores, display a PreSpo͞Spore ratio at or near 1.
We reliably detected 4,162 deletion strains in two independent experiments. Two factors explain the inability to detect over 500 strains in this analysis. The first factor is mutations in the tag sequence or priming sites leading to poor hybridization properties or inability to amplify the tag sequences. The second factor, responsible for the majority of undetected strains (data not shown), was the growth of the deletion pool on presporulation media for several days before sporulation. During the growth on presporulation media, many strains with a slow growth phenotype were lost from the deletion pool and hence undetected in our analysis.
The majority of yeast genes play no role in sporulation, and therefore their deletion has no effect on sporulation efficiency. This observation was evident in our study as most deletion strains exhibit a PreSpo͞Spore ratio around 1 (Fig. 1) . We identified 102 strains with enhanced sporulation proficiency (PreSpo͞Spore ratio of 0.8 or less in two independent experiments) and 261 sporulation-deficient strains (PreSpo͞Spore ratio of 1.5 or greater in two independent experiments) in our analysis. These thresholds were chosen to include known positive controls that influence sporulation both positively (e.g., IME1) and negatively (e.g., RME1). Three lines of evidence suggest that these strains Two-color overlay of scanned images from oligonucleotide arrays hybridized with fluorescently labeled molecular tags from a presporulation culture (red channel) and a pure spore suspension (green channel). Red (VAC8) and green (NOT3) probes indicate enrichment in the presporulation sample and the spore sample, respectively. Yellow probes correspond to deletion strains equally represented in the presporulation and spore cultures. (B) The ratio of presporulation signal to spore signal for 4,162 deletion strains is shown. The majority of genes have no effect on sporulation efficiency (PreSpo͞Spore ratio of 1). The red and green bars correspond to sporulation-deficient and enhanced sporulation gene sets, respectively.
have true sporulation defects. First, the majority of known negative and positive regulators of sporulation fall into the proficient and deficient gene sets, respectively. We observed Ͼ80% (66 of 81) of nonessential genes required for sporulation (1) in our set of 261 sporulation-defective strains. Second, visual inspection of spore formation in mutants for 50 unclassified genes revealed 42 (84%) with sporulation efficiencies significantly under the normal frequency (www-sequence. stanford.edu͞group͞yeastdeletionproject͞Sporulation.html). Third, for a subset of six unclassified genes, we deleted the ORFs (YJR120W, YML066C, YOR298W, YLL033W, YPL013C, YOL071W) in SK1, a genetic background that sporulates to high efficiency, and observed the same sporulation-deficient phenotype.
General Cellular Processes Are Critical for Efficient Sporulation. To identify cellular processes important for sporulation, we searched for over represented functional classes among the 261 genes critical for sporulation ( Table 1) . As expected, a significant number of genes are known sporulation and meiosis factors (54 genes). However, the majority of characterized genes that we found to be required for sporulation are general cellular factors, involved in autophagy͞vacuole targeting (29 genes), carbon utilization (37 genes), vesicle transport (9 genes), and general transcription (26 genes). Autophagy, a cellular pathway by which proteins and organelles are degraded in the vacuole under starvation conditions, has previously been implicated in sporulation (18) . Respiration genes, including 10 components of the tricarboxylic acid cycle, account for over half of the carbon utilization genes identified as sporulation-deficient in the study. Respiration competence is required for efficient sporulation (19) and may reflect a requirement for additional energy from a nonfermentable carbon source during the process. Finally, 71 of the 261 sporulation-deficient genes (27.2%) are unclassified. Given the biased functional breakdown of the classified genes, it is likely that a portion of the 71 unclassified ones function in the categories listed in Table 1 .
Identification of Sporulation-Specific Factors By Using Fitness and
Expression Profiling. Two distinct classes of genes essential to sporulation exist based on previous data and this study. The first class includes sporulation-specific genes whose function is limited to sporulation only. The second are general factors involved in the key processes shown in Table 1 . We were interested in distinguishing between these two classes to predict the number of sporulation-specific genes among our unclassified set. We used two approaches to distinguish sporulation-specific genes from general factors. The first method was fitness profiling of the entire pool of homozygous diploid deletion strains in rich media (YPD) for quantitative growth defects as genes involved only in sporulation are expected to be dispensable for growth in YPD, whereas loss of a general factor should in many cases lead to a growth defect. The second method was to query public databases containing sporulation gene expression data for genes with significant expression changes. Here, our hypothesis was that sporulation-specific genes are more likely to be transcriptionally regulated during meiosis than general factors.
We grew the homozygous diploid deletion pool of 4,745 strains in YPD to determine a relative growth rate for each strain by using a linear regression model. When we examined the growth rates of the 261 sporulation-deficient strains, we identified 92 strains with growth rates Ͻ0.95 of the pool average (Fig. 2B) . This slow growing fraction accounts for over one-third of the total sporulation-deficient strains identified (Table 1 ). There is a pronounced bias toward general cellular factors among the slow growers. Only six (11.1%) of the genes classified as sporulation͞meiosis had a slow growth phenotype, and all six (UME6, NEM1, SIN3, SSN3, SSN8, SPO7) are involved in multiple cellular processes including sporulation. As expected, no gene involved only in sporulation is required for optimal growth in YPD. Conversely, deletions in 17 (65.4%) of the transcription factors confer a slow growth phenotype. Consistent with this result, gene disruptions in all functional classes other than sporulation are more likely to have quantitative growth defects in YPD (Table 1) . Therefore, we estimate that 21 of the 71 uncharacterized genes identified in our study as sporulationdeficient are strong candidates for critical general cellular factors, while 50 are possible sporulation-specific genes.
Our second approach to distinguish general factors from sporulation-specific genes was to examine the transcriptional profile of each gene during sporulation. We first separated the set of 261 sporulation-defective strains into two sets as determined by fitness profiling: slow and normal growers. We then hierarchically clustered the genes from each set by using sporulation expression data obtained from the SK1 and W303 strains (Fig. 2 A) (7) . In addition to being dispensable for optimal growth in rich media, the majority of known sporulation-specific genes are strongly induced during meiosis (Fig. 2 A, top cluster) . Conversely, few genes that confer a slow growth phenotype are differentially expressed (Fig. 2 A Lower, C, and D) , suggesting that the general cellular factors are under less transcriptional control than the sporulation-specific genes during the process. These results are quantified in Table 1 . Over half of the known sporulation genes (54%) are contained in the core meiotic transcriptome, which is defined as the set of genes differentially expressed during sporulation in both the SK1 and W303 backgrounds (7) . Similarly, the carbon utilization genes are under strong transcriptional regulation during sporulation, whereas autophagy͞vacuole genes are not extensively regulated (Table 1). A total of 16 of the 71 unclassified genes identified as sporulation-deficient are included in the core meiotic transcriptome. Of these, 14 are not required for optimal growth in rich media ( Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org). These are the best candidates for new, sporulation-specific genes.
Identification of Negative Regulators of Sporulation. In contrast to the genes that promote sporulation, the factors that negatively regulate the process are less well understood. It has been demonstrated that the loss of negative meiotic regulators such as Cln3 (20) and Sok2 (21) 
SAP185, PPH21, HSL1), and four genes involved in pseudohyphal differentiation (GPR1, DIG1, RSC1, ELM1).
To verify our findings and determine the effect of single gene deletions on sporulation efficiency, we examined the kinetics and efficiency of spore production in cln3⌬͞cln3⌬, bck2⌬͞bck2⌬, and opi1⌬͞opi1⌬ deletion strains. All three strains sporulate three times better than the average for the entire deletion pool (Fig. 3) . Because the cln3⌬͞cln3⌬ strain had the smallest PreSpo͞Spore ratio in both experiments, a sporulation efficiency of 40% is the maximum for strain S288c carrying a single gene deletion.
A Screen to Identify Strains Defective in Postgermination Growth.
We identified mutants defective in postgermination growth by comparing growth rates obtained as homozygous diploids in YPD from those obtained postgermination (Fig. 4A) . A suspension of spores derived from the homozygous diploid deletion pool was germinated in YPD and a postgermination growth rate was calculated for each gene. We identified 158 strains with a ratio of homozygous diploid to postgermination growth rate Ն1.05 (corresponding to a postgermination growth defect of Ϸ5%) in two independent experiments. This cutoff was chosen to include many known meiotic mutants, which sporulate but produce inviable spores, in the postgermination-defective class. The effectiveness of our screen was confirmed by outgrowth of spores derived from a subset of deletion strains identified by array analysis (Fig. 4B) .
The 158 strains defective in postgermination growth were selected on basis of growth rates together with their ability to sporulate. The set of 261 sporulation-deficient strains were not included in the analysis because a subset are likely to produce a small percentage of spores that will drop out in a postgermination competitive growth assay. Despite this, about one-fifth of the germination-defective class (30 genes) is at the threshold of sporulation-deficient, as a PreSpo͞Spore ratio Ͼ1.5 was obtained for that strain in one of the two experiments. Included in this set are genes involved in sporulation (MCK1, IDS2) , mitochondrial function (IMP1, IMP2, TOM5) , and autophagy͞ vacuole function (VPS30, VTC1) . The presence of sporulationdeficient strains at PreSpo͞Spore values below our original threshold suggests few false positives in our set of 261 genes critical for efficient sporulation.
As expected, about one-sixth (24 genes) of the genes identified as postgermination defective are involved in meiotic chromosome behavior including the double strand break enzyme Spo11 (22) and the kinetochore associated protein Mam1 (23). Our assay also uncovered genes involved carbon metabolism (GLC3, GPM2, FBP26), vesicle transport (SED4, TLG2, PEP8, BST1), and nutrient sensing͞cell wall integrity (WSC2, BCK1, SLT2), suggesting a possible role for these processes in promoting either spore viability or germination. In addition, our set of 158 strains includes two strains, ECM18 and YAP3 homozygous diploids, that were previously identified as aneuploid for entire chromosomes (24) . It is likely that spores derived from these strains are aneuploid and hence inviable, similar to what is observed with meiotic mutants. Finally, we identified 51 genes of unknown function that fit our postgermination defective criteria.
Analysis of Postgermination Defective Strains.
For the majority of the 158 strains identified as postgermination defective, the underlying cause of the defect remains unclear. The possibilities include meiosis mutants, aneuploid strains, strains with recessive mutations, and true germination mutants. To address this issue, we further analyzed six strains identified by our analysis: ecm18⌬͞ecm18⌬, yap3⌬͞yap3⌬, ybr027c⌬͞ybr027⌬, ybl083c⌬͞ ybl083c⌬, pma2⌬͞pma2⌬, and yjl192c⌬͞yjl192c⌬. None of these genes are differentially expressed during sporulation (7), suggesting that none functions during meiosis. We determined whether each strain is aneuploid by hybridization of total genomic DNA derived from each strain onto a yeast expression array (Affymetrix) and searching for chromosome-wide signal bias. Using this method, we verified the aneuploidy of ecm18⌬͞ ecm18⌬ (monoploid chromosome 7) and yap3⌬͞yap3⌬ (triploid chromosome 3) (24), whereas no aneuploidy was detected in the other four strains (data not shown).
We dissected tetrads derived from each of the four nonaneuploid deletion strains and observed a small fraction of spores forming visible colonies (Fig. 5) . A characteristic 2:2 segregation pattern was not observed for any of the strains, indicating that a single recessive mutation was not responsible for growth defect. To determine whether multiple recessive mutations were responsible for the growth defect, we backcrossed haploid deletions to an isogenic wild-type strain and dissected tetrads from the heterozygote. Resulting haploids that formed normal colonies and carried the correct deletion were crossed to make a new homozygous diploid deletion strain. Tetrads were then dissected from these new strains and analyzed. Spores derived from the backcrossed YBR027C and YJL192C strains behaved like the wild-type control (Fig. 5) , suggesting that multiple recessive mutations in the original deletion strains were responsible for the spore growth defect. In contrast, the backcrossed pma2⌬ and ybl083c⌬ spores retained their growth defect, suggesting that these genes may play a specific role during germination.
Pma2 is a glucose-regulated proton pump postulated to function under starvation conditions consistent with a role during germination (25) . The functionally unclassified YBL083C ORF physically overlaps the RHK1 gene encoded on the opposite strand. Interestingly, the rhk1⌬͞rhk1⌬ strain also exhibited a postgermination growth defect implying that the YBL083C phenotype is possibly due to a partial deletion of RHK1, a mannosyltransferase involved in protein N-glycosylation. Supporting this hypothesis is the observation of a similar germination defect in strains diminished in Alg7 activity, another N-glycosylation protein (26) .
Discussion
An examination of the processes critical for efficient sporulation provides a glimpse into the entire genetic network required for a complex process. Our unbiased screen for sporulationdeficient strains identified a set of 261 genes required for optimal sporulation. The sporulation-specific genes, defined as those required only for sporulation, have received the most attention experimentally. However, our results suggest that the majority of genes that influence sporulation are those with a more general cellular function including those involved in the starvation response and carbon utilization. The general factors are more likely to exhibit a quantitative growth defect when deleted and less likely to be transcriptionally regulated during sporulation. We believe that the majority of the 71 unclassified genes identified in the sporulation-deficient set are general factors indirectly involved in sporulation. However, the role of genes with a slow growth phenotype should be investigated as a handful may a play a direct role in sporulation. Despite its slow growth phenotype, Ume6 acts as a key transcriptional activator of early meiotic genes and is essential for sporulation (27) .
Diploid yeast can assume multiple cell fates including mitosis, sporulation, and filamentous growth depending on the nutrient conditions available at the time. Although the pathways that promote these developmental responses are well characterized, the inhibitory systems that make multiple responses incompatible are largely unknown. Our set of 102 strains with enhanced sporulation efficiency contains regulatory components that inhibit sporulation. The G 1 -cyclin Cln3 plays a key role in the initiation of mitosis and is known to block sporulation through inhibition of the early meiotic transcription factor Ime1 (20) . Bck2 shares a role with Cln3 in the activation of the G 1 -S transition (28) . Our results demonstrate that deletions of CLN3 and BCK2 increase sporulation efficiency 3-fold. However, it is unclear whether the sporulation role of Bck2 is manifested through Ime1 or indirectly through Cln3 activation. We also identified strains lacking components of a nutrient-sensing cAMP pathway that regulates filamentous growth as sporulation-proficient. A model where the pathways that activate mitosis and filamentous growth inhibit sporulation is suggested.
Whole-genome expression analysis has been used to provide insight into the function of thousands of previously uncharacterized genes. We observe a significant correlation between the 916 genes of the core meiotic transcriptome (7) and the 261 genes essential for efficient sporulation ( 2 test, P Ͻ 0.005). These results demonstrate that whole-genome expression profiling can enrich for genes functionally important for a developmental process. However, one cannot infer gene function directly from expression profiles, as we observe 551 (of 656) core meiotic transcriptome genes with no effect on sporulation efficiency or postgermination growth. Why are 84% of genes differentially expressed during sporulation not critical, based on mutant phenotype? One possibility is redundancy in the yeast genome at the individual gene or pathway level. A second possibility is that drastic cellular changes rework the transcription of much of the genome even though many of the genes are not required.
Of all phases of the yeast life cycle, germination has received the least attention experimentally, and hence is the least understood. A confounding aspect to the study of germination has been the inability to screen for genes critical in the process. Here, we describe a recently developed, comprehensive screen to identify strains that are defective in postgermination growth. Although a subset of our germination-defective strains derives from aneuploid spores or mutations in the parental diploid, we were successful in identifying genes, YBL083C͞RHK1 and PMA2, which likely play a direct role in germination. The precise function of these genes during germination requires further investigation of the mutant phenotype in addition to the isolation of more germination mutants. A candidate gene approach based on our postgermination defective gene set together with additional methods, such as expression profiling, should provide a framework to understand the molecular basis of germination.
Such efforts may open a new door in the functional classification of all 6,000 genes in the yeast genome.
